INTRODUCTION
Vehicular ad hoc networks (VANETs) have turned into an important research area over the last few years. Several different use-cases have been proposed and analyzed. The application area ranges from safety-related warning systems to improved navigation mechanisms as well as information and entertainment applications.
In traditional IP-based wireless communication networks, unicast routing schemes are widely applied. Communication partners know each other via unique addresses and transmit data exclusively from one source to one or more explicitly determined destinations. The specific focus of VANETs, however, is to support foresighted driver assistance systems that can significantly decrease the number of accidents and improve the overall performance of the road network. This results in a different networking paradigm, where communication is optimized to meet the requirements imposed by active safety services. Typically, numerous, not explicitly known vehicles are interested in the same message. Due to the high mobility of network nodes resulting in frequent topology changes, routing protocols do not scale well with increasing network size. To cope with the physical challenges inherent to VANETs and to take into account the common interest in information, messages are mostly disseminated in a broadcast fashion rather than routed to one dedicated communication partner.
One very important prerequisite for the successful and also sustainable deployment of VANETs is the scalability of the applied information dissemination scheme. The autonomously acting network must ensure delivery of data to those nodes which are interested in it with low latency, while efficiently leveraging network resources.
This article presents a refined perspective of scalability in the domain of VANETs. We argue why existing approaches do not provide comprehensive solutions to the problems inherent to larger VANETs and present a generic concept and possible communication protocol architectures that support sustainable operability.
THE SCALABILITY PROBLEM OF VANETS
In large and especially distributed systems or networks, scalability is a very crucial characteristic. Neuman established the term in [1] and defined scalability as the ability to handle the addition of nodes or objects without suffering a noticeable loss in performance or increase in administrative complexity.
In the VANET scenario, scalability issues arise in several different contexts. The number of active nodes (vehicles) has an impact on network connectivity and on the likelihood of congestion on the wireless channel. In addition, protocol design has a great impact on scalability. The most crucial bottleneck is the bandwidth limitation. Li et al. presented 
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THE SCALABILITY PROBLEM OF VEHICULAR
The basic dissemination scheme used to realize broadcast-based VANETs is the so-called flooding, where each node rebroadcasts every single message it receives. The main problem inherent to the flooding mechanism is the huge amount of superfluous transmissions leading to network congestion. This effect is aggravated with an increasing node density and network size, leading to the scalability problem. Hence, the limited network resources are partially absorbed by redundant traffic, while highly relevant and time-critical messages are prevented from accessing the medium. Williams and Camp provide a comprehensive overview on numerous fundamental algorithms which can be applied to minimize the number of redundant rebroadcasts [4] . Their approaches can be seen as a starting point for more elaborate schemes; however, they do not take into account the relevance of the information for the potential receivers.
Several approaches have been suggested to solve the scalability problem. We consider a VANET to be scalable if information is disseminated through the network in sparse as well as dense network scenarios, while optimally leveraging the available bandwidth. Therefore, methods for defining and evaluating the benefit of a certain information become important to determine the optimal network usage. Figure 1 motivates the need for a relevancebased data dissemination approach. The two vehicles 1 and 2 are within mutual radio range for only a short time because of shadowing effects caused by the surrounding buildings. Vehicle 2 has several messages in its message queue for transmission. Since it will not be able to transmit all messages to vehicle 1 before it leaves its transmission range, it should select the most relevant messages and thus maximize the application benefit. In order to do this, it is necessary to calculate a relevance for each message and to reorganize the vehicle's message queue accordingly. Besides the direct transmission, it is also possible to use a multi hop connection with vehicle 3. However, this leads to worse channel utilization and a higher latency.
THE RELEVANCE-BASED APPROACH
In [5] , Wu et al. present their approach to disseminate data efficiently and reliably to a defined set of nodes. The MDDV approach aims at reducing overhead and message latency by sending messages along a predefined path. However, the approach cannot differentiate between message types and it does not evaluate the relevance of a piece of information while selecting the next message to be sent. A second approach to optimize channel utilization is presented in [6] , which uses adaptation of transmission power to reduce interference. The scheme tries to allocate the limited resources in a fair way to improve the dissemination capabilities. To achieve this, the transmission power will be reduced to a certain threshold, depending on the number of active nodes, which ensures that the medium is not fully utilized. This enables additional nodes to access the channel. In our approach, however, we head for a controlled unfairness, so that resources are assigned according to information relevance.
The principle of maximizing the so-called global aggregate utility is extensively tackled in publications such as [7] : by optimizing the extent to which the local requirements of all network participants (e.g., data rate) are met (utility), a global utility maximum can be achieved. In the context of our approach, the benefit of information is quantified with more complex functions that consider the vehicle's respective contexts. By optimizing the medium access locally also the global schedule is improved, leading to an overall benefit approaching the optimum. A global optimization scheme is not feasible in this context, due to the VANET characteristics.
Two fundamental methodologies form the basis of our concept. First, the relevance data packets provided to potential recipients in the local neighborhood must be quantified. Second, the messages must be prioritized according to the resulting relevance values to maximize the benefit received by all vehicles participating in the network. The prioritization is performed in two steps. First, the most relevant message within the message queue of each vehicle is selected (in-vehicle message selection). Second, the most relevant message among all vehicles that are within mutual radio range is selected for transmission (intervehicle message selection).
I Figure 1. Exemplary vehicle-to-vehicle communication scenario

QUANTIFICATION OF INFORMATION RELEVANCE
As a basis for data traffic differentiation, we introduce the term relevance as a measure for quantifying the estimated benefit vehicles gain by a certain piece of information. Prior to broadcasting a message, each vehicle calculates a value representing the relevance of the contained data for all the adjacent vehicles based on its limited, local knowledge. This value can be determined by taking the information from three different contexts: message context (e.g., the amount of time passed since the message was created), vehicle/VANET context (e.g., the current connectivity of the VANET) and information context (e.g., the interest that other vehicles might have in the information). Based on parameters from the message (m), vehicle (v), and information (i) context parameters, a single relevance value can be computed for every message to be transmitted.
A model comprising subfunctions for each of these parameters and weights for combining the results of these subfunctions has been set up in the frame of our work, based on road traffic statistics, user surveys, and other empirical observations. Equation 1 highlights the way the relevance of a specific piece of information can be quantified.
(1)
Suppose there are N parameters such as distance to information source and message age. They all have to be computed with the help of the message-, vehicle-, and information-context parameters. All these N parameters are evaluated with application-dependent subfunctions b i . The resulting parameters finally have to be weighted with application-dependent factors a i . In the context of a collision warning, for example, the message age parameter is more important for the overall message relevance than the parameter evaluating the information quality. Finally, all weighted parameters have to be summed up and divided by the sum of all a i , leading to a benefit value between 0 and 1.
MESSAGE DIFFERENTIATION USING INFORMATION RELEVANCE
In-Vehicle Message Selection -Especially in case of dense networks with a huge number of packets waiting for medium access at different vehicles, the limited network resources are not sufficient to satisfy all transmission requests immediately. The packets a node intends to transmit are passed down from the application layer to the MAC layer and are buffered in a packet queue, where queue lengths permanently change depending on the current, local network load. A so-called in-vehicle packet scheduling ensures that messages are broadcast in a sequence established according to their respective relevance values. Hence, the packet dequeuing procedure does not work according to the conventional FIFO principle any more. Instead, it takes into account the relevance of packets when deciding which packet is to be dequeued next.
Intervehicle Message Selection -Besides in-vehicle message differentiation, the intervehicle contention for the shared, wireless medium must be modified such that the most relevant packet of nodes within mutual communication range is granted medium access. Different publications have already dealt with the issue of introducing traffic differentiation based on modified MACschemes (e.g., Füßler et al. in [8] ).
Vehicles within mutual radio range have to share the bandwidth and therefore "contend" for medium access. If several vehicles within range wish to broadcast a message at the same time, the one with the highest relevance among the set of data packets that the vehicles selected through the in-vehicle message selection should win the intervehicle contention process. Thereby, the benefit provided to the overall network can be considerably improved.
The dynamic adaptation of the contention window (CW) within the MAC layer is considered as a major lever in our concept. Each wireless station uses its individual CW to determine both backoff and defer timers, which represent a key feature of the Carrier Sense Multiple Access (CSMA) mechanism. By selecting a short CW in case a highly relevant packet requests access to the medium, its likelihood to win the contention process is increased. The smaller the CW the shorter the timers defining the period of time after a network node may try or retry to access the medium.
CHARACTERISTICS OF THE APPROACH
Altruistically Inspired Optimization of the Global Benefit -In our concept, altruism is the major overall characteristic: Nodes do not primarily aim at maximizing their own benefit, but head for transmitting information such that their neighbors are provided with the data they are most interested in. With the help of a comprehensive model, the relevance of single pieces of information can be determined, which represents the expected benefit that it adds to related applications of other nodes participating in the system. Leveraging this measure, in-vehicle and intervehicle message differentiation help to improve the global benefit, which is the aggregated benefit that all network nodes receive over time.
Optimal Resource Utilization Through Distributed Traffic
Differentiation -The relevance-based dissemination approach considers the resources being utilized optimally if the vehicles can satisfy their information demands as best as possible, considering the physical situation (network topology, vehicle positions, traffic density, etc.) of each vehicle. Therefore, our concept does not aim at Besides in-vehicle message differentiation, the intervehicle contention for the shared, wireless medium must be modified such that the most relevant packet of nodes within mutual communication range is granted medium access.
minimizing the network load by reducing the number of messages to be sent. Instead, it optimizes the usage of available bandwidth as it schedules packet transmissions according to their actual relevance. Due to non-static transmission restrictions, for example, in the case of many existing approaches like [3] , network resources can be optimally leveraged in both sparse and dense networks. "Hard" limitations in both the local and time domain are avoided: messages are no longer subject to static ranges of propagation. In fact, they are relayed in any way, where traffic prioritization ensures that low-priority messages do not absorb the wireless medium and prevent high-priority messages from being transmitted.
Controlled Unfairness -Instead of heading for an information-agnostic, fair allocation of network resources to all vehicles, we introduce controlled unfairness as a major principle underlying our approach. The time a packet has been waiting within a queue does note decides its chance to be broadcasted, but its current relevance for the adjacent network nodes does. In this way, messages with low relevance will experience larger delays or will even be dropped if resources are highly loaded and more relevant messages wait for medium access. Thus, the dissemination of highly relevant pieces of information is accelerated at the expense of low-priority traffic.
Context-Driven Dissemination -Existing approaches
to improve the performance of message dissemination in VANETs mostly rely on packet-specific data such as the geographical location of the last forwarder or the time at which the packet was generated. We, however, take into account different contexts as introduced above to allow for a benefit-oriented message dissemination scheme. Integrability: many approaches aiming at making broadcast communication in VANETs more reliable and efficient only tackle part of the challenges inherent to VANETs. Our concept works as an integrating substitute for many of these concepts. For example, our concept incorporates ideas such as those presented in the contention-based forwarding approach [8] : the utilization of the two parameters "Last Reception" and "Forwarder Distance" also ensures that messages are propagated to where they are needed as efficiently as possible.
RELEVANCE-BASED PROTOCOL ARCHITECTURES THE CROSS LAYER ARCHITECTURE
In order to implement in-vehicle and intervehicle traffic differentiation, the cross-layer design depicted in Fig. 2 is proposed for each of the nodes participating in a VANET. Within the application layer, a coordinating agent is devoted to generating, broadcasting, receiving, and storing messages. The introduction of the application layer into the communication protocol design is essential since a comprehensive evaluation of message benefit can only be conducted in case message, vehicle, and information contexts are fully available. Thus, the application layer implements the relevance function and attaches the resulting values to each of the packets' header before passing them to the data-link layer. The so-called benefit-based extension (BBE) within the data-link layer accounts for changing the functionality of the interface queue (modified enqueuing and dequeuing behavior) and the medium access control mechanism, as described above. The extension may thereby leverage the values attached to the packets' header or continuously reevaluate the benefit of all enqueued packets with the help of the benefit function. The interlayer communication module (ILC ) is used by the BBE to acquire all necessary, mostly application-level data to calculate up-to-date benefit values for all packets waiting for medium access.
THE IEEE 802.11E-BASED ARCHITECTURE
Deploying the so-called EDCA scheme underlying the already existing IEEE 802.11e standard [9] for realizing benefit-oriented traffic differentiation would be a viable alternative. The standard supports different so-called traffic categories (realized with the help of up to eight packet queues), of which each is assigned a certain priority determining the degree of favoritism with respect to the access to the shared wireless medium. By categorizing data packets according to their relevance and sorting them into the priority queues respectively, the dissemination of highly relevant data can be accelerated as well. Nodes applying the EDCA scheme (Fig. 3) 
to those waiting in a low-priority queue. The packet winning internal contention has to contend with packets from other stations for the shared wireless medium. Thus, IEEE 802.11e supports our approach with regard to the existence of a prioritized in-vehicle and intervehicle message selection scheme.
EVALUATION BY SIMULATION
Numerous simulations have been conducted to analyze the performance of the mechanisms proposed, leveraging the environment presented in [10] . The basic scenario underlying all the simulations spans over 8 km 2 and comprises 300 vehicles. The vehicles have a transmission range of 400 m and move based on a real road map, according to the Krauï¿ 1/2 mobility model [11] . To simulate highly loaded network scenarios, the nodes can only access a bandwidth between 0.1 Mb/s and 0.5 Mb/s. This trick enables the simulation of highly loaded, large networks, while reducing the number of events in the simulator to a reasonable extent. This is necessary since the simulation of large networks with numerous events is a very resource intensive task [12] .
In Fig. 4 the results for a scenario using the cross-layer architecture and a packet generation rate of 10 packets s can be seen. Graph 4 depicts the development of the global benefit, that is, the sum of the local benefit accounts of all vehicles driving through the scenario, over time. A simple, packet-relevance agnostic store-and-forward scheme is applied such that nodes try to broadcast all packets contained in their send buffers in the order they were passed down from the application layer. Graph 3, in contrast, shows that by only changing the internal broadcast sequence in a high-load scenario a huge improvement of the benefit provided to all vehicles can be achieved. Graph 2 exhibits the second additional improvement, which has been realized with the help of the modified medium access algorithm. Contention windows of the wireless nodes are continuously adjusted according to the benefit of the currently treated packet, supporting the fast dissemination of highly relevant packets. Due to the dynamic adaptation of contention windows according to message relevance, the channel utilization is slightly deteriorated (simulations have shown that net data throughput is on average reduced by about 3.2 percent due to prolonged timers). However, this is by far compensated by the gain of global benefit (Fig. 4) . Although slightly less packets are granted access to the medium, the global benefit can be considerably improved due to the relevance oriented prioritization. Graph 1 shows the theoretical optimum of the benefit development. Here, each node has a bandwidth of 5.5 Mb/s available. With the network traffic applied in this example, no packets have to wait in a send buffer for an access to the medium. Queues do not emerge at all, thus a reorganization of enqueuing and dequeuing mechanisms does not show any effect at all.
In order to compare benefit improvement potentials of both our cross-layer architecture and the 802.11e-based architecture, a verified implementation of the IEEE 802.11e-specific data-link layer has been incorporated into our simulation environment. As can be seen in Fig.  5 , the 802.11e-based node architecture cannot keep up with the abovementioned cross-layer architecture in terms of benefit improvement potential. The bars show the improvement of the global benefit when applying a benefit-based dissemination scheme compared to a nonprioritized, relevance agnostic store-and-forward scheme. The left bars in each case depict global benefit improvement in percent in case the novel cross-layer architecture has been used. The larger bars at the right, in contrast, represent the improvement due to the native 802.11e-based architecture, where the smaller bars in front show additionally achieved improvement if queue resorting is conducted.
The IEEE 802.11e standard falls short of some of the requirements specified by our approach: first, it does not provide a packet queue-internal resorting of the contained packets. Packets can only be sorted into one of the different priority queues once and are then dequeued according to the FIFO principle. In the cross-layer architecture, the node-internal sequence can be continuously adapted to the current relevance values of the enqueued pack-I Figure 3 . Internal and external message contention in IEEE 802.11e. ets, thereby enabling an improved, benefit-oriented broadcast sequence. The smaller bars in front show the potential additional global benefit improvement in case the 802.11e-based queues do adapt their dequeuing sequence to the benefit of the waiting packets. Second, the prioritization of packets is rather roughly staged. Sorting messages into only four queues is disadvantageous, because data packets of different benefit may be sorted into the same queue and thus conduct external contention processes applying the same prioritization parameters. Third, the internal contention between queues further deteriorates the IEEE 802.11e-based architecture's performance with respect to a global benefit improvement: packets with high relevance win node-internal contention processes more often than those with low relevance due to the different parametrization of the four queues. However, there is only a certain tendency to allow for a faster dissemination of highly relevant packets, depending on the parametrization used, but packets sorted into the lowest priority queues also get the chance to access the medium to avoid their starvation. This realization of a quasi-fair packet scheduling does not perfectly meet the requirements imposed by our message dissemination approach.
CONCLUSION
This article has addressed the scalability problem of intervehicle communication in vehicular ad hoc networks. It comprises two dimensions: connectivity and network load. While existing approaches only solve parts of the overall problem, our relevance-based approach provides a comprehensive concept that operates efficiently both in dense and sparse networks and manages to deliver information to where it is needed, independent of the current network load. With the help of a measure called message relevance, both an in-vehicle and intervehicle message prioritization is realized, which is inevitable in the context of limited network resources. The relevance value of one specific message is determined by estimating the benefit that the receiving node will be provided on the basis of several parameters concerning current vehicle context, message content, and network situation.
By implementing a methodology applying controlled unfairness in scheduling the broadcast of data packets, bandwidth can be used optimally and the benefit provided to all the vehicles participating in a VANET is optimized at the same time. Messages that add the highest application benefit will have shorter latency and a lower probability to starve. A proprietary crosslayer architecture is presented as a possible realization of our concept, where the IEEE 802.11e standard may work as the basis of an adequate alternative. The results of in-depth simulative evaluations indicate that our approach provides the possibility of considerably enhancing the benefit vehicles gain from received messages, especially in heavily loaded networks.
The proposed concept is flexible with regard to the deployment of different communication standards such as protocols using several channels -messages could be assigned to the various channels according to their current benefit and thus realize traffic differentiation as well. Other standards such as GSM or UTMS can be integrated as well; a cost-benefit analysis would then have to account for monetary costs. Figure 4 . Benefit improvement potential due to message differentiation. 
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